Volume II

Appendix D.5
Space Weather Conditions

This appendix provides a detailed discussion of space weather (the action of highly energetic particles, primarily from the
Sun, in the outer layer of the Earth’s atmosphere) and the potential effects of space weather on the Orbiter on February 1,
2003. This investigation was originally prompted by public claims of unusually active space weather conditions during the
mission and by a photograph that claimed to show a lightning bolt striking Columbia at an altitude of 230,000 feet over Cali-
fornia during re-entry. The report concludes that space weather was unlikely to have played a role in the loss of Columbia.

This is a document commissioned by the Columbia Accident Investigation Board and is published here as written, without
editing. The conclusions drawn in this report do not necessarily reflect the conclusions of the Board; when there is a conflict,
the statements in Volume I of the Columbia Accident Investigation Board Report take precedence.
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Space Weather Conditions
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A Spacy Weather Combitions sn Febraary |, 2003 n Thas et conssdens the posaibility thal space weather condilions played a role in
vhe lama ol the space shuslle Columbsa I was e presented o the Columbia Accident
i ¥ M ACE n Investigation Boand (CAIB) in Hosston, Texas, on March 3. 003, consequent W reponied
~ observations thel & cotonal muss ejection (CME) dnven shock passed the Earth on
A2 LEOM frum DMSF "’ February 1, 2003 The fint part of thin por s 3 taorial on space weaiber with
e PORS " emphasis on ihe cl of the geospace The sccond pan reviews
5 . plusina, pustice, and field measurements taken on Febeuary 1, 2003, from multiple space
34 Uharging Effecis. 20 and groved based sources. These duta clearly show that up 1 the time of the loss of
Columing, = sppoumaiely 1409 Greenwsch Mean Time (GMT)L the peospace
- 2 environment was quiet.  Effiects of the CME were not abserved ul Earth unuil severs]
35 Goovtimery Ovit bt s b accadent. I is iighly uslikely that sy kiown space weather effoct played
N v Basadd 25 @ vuke 1 e losa of Cslunshia.
W —— - 10 A Space Weather Tutarial
0 m
We bogn the wlorial with several working definitmns, then examine specific
space weuther cussciensbics bor both lypical and stormiime comndsisns.
L1 Warking Delinitions
The wrm “space westher” describes the sysematic varishility of geospsce
mummmnmmwmmmﬁmm
performance of space reisied systonn.  We weather from
eflects tha oocur on year-o-yess or solar-cycle lime scabes.  “Systomatic varisbility”
refers o repeatediy obscrved phenomeny whose main lines of cuusality sne undersiood.
The “gevapace envitonmenl” iciudes the reglon sround the Earth extending from an
alitude of approsimatcly 60 km w0 the magnetopusse.  The magnelopause is the
between egwns donansied by the Eanh's magnetc fichd and interplanstary
' L]
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[, U 0t . mm.ummumwm plasinsn. pariscles, und fields. The Sun i the ultimate source of most space weather
"ﬂ' Mrimoshs. guiostia sssmis. Syh. S Waptiphirts: sietls fulis n vabie effects  Meteonies. galactic cosmic mays, snd tupospheric electric fields are notsble
evvepioms However, ihe internal or coupled of the and ncoptions. Hawever, o coupl of the magr -
ionosphere generully represent the immedisle couses of space weather effects.  The i, The

sysieing affected by space environmenial changes are mamy. ranging from orbiting
sl bibes b0 commmmications hinks and electneal power distnbution networks.

differeni particles of the sme energes, neuirel and wmized atoms and molecuke.
respectively, which are fuund in the same region of space af siudes above 60 km. Most
names ghven 10 describe the differemt regeons of space are phenamenobogical and were
assigned by thewr discoverems. The term “radiation bels” probably reflects the shocked
reaction of onc of Professor James Van Allew's graduste sudenis 10 the firt Geiger
cominter messuneinenits o Exphone | Space i radosctive!”

L1 Space Wester Claracteristio

In conssdenng space weather effects W is uselul o have some idea al ihe
differences. botween typecal snd disturbed conditions (Table 1) The driver for mosi
peospace westher bies s ihe solar wind Ul enginaies in the Sun's conna and lermmnaies
a the boundary wilh imersicliar spoce. Al | asironomical wnil (AL the distance

sppronimately § cm " and 400 kinds, respectively.  Under disturbed conditions they can
e b groater than 20 cm”’ and 1000 ks, respectively. The dynamic pressunc of the
wolar wand (- | nane-Pascal (nPa)) compresses the Earh's magnetic ficld on the dayside
wnd exiends it im0 @ long cylnder culled the magnetotil. The comvesient umit for
measuning distance in he magnetosphere i an Earth radius {1 Ry = 6387 km). Under
Typical condstians the subwolar magnctopauss s @ ~10 Ry When conditions. become
disturbed the wolar wind's dynamic pressuse cam exceed 10 nPa and the magnetopuuse s
pushesd carthwand of goostatimary orbil (=606 Rel
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wmisakion slaies o adied found in
geospace. Fur enangple, the “plasmasphere” and the “radiation belts® oocupy aimost the
same regrom of . However, plasmasphens have thermal enerpics

constiber moasurements un Explorer |, “Space i radicuctive!™
11 Spuer Weather Charscteristio

I considering spece weather effects W i wsedul w have some Wea of the
-mu_:,#uwmn&uu The driver for most
geospace weather ligs i e solar wind thai ooginaies i e Sun's corna and termimates
Al the boundary with inersieller space. AL | astronomical usit (AL, the distance
perween the Sun and Eanth (- L5 10 k), typecal solar wind densities and spoeds. are
approsimately § cm’ snd 400 ks, respectively. Uinder disturbed conditions they can
rise 1o grester than 20 cm” and 1000 kimv, respectively. The dynamac pressure of the

Aniajy
anal gviends i ino & long cylinder called the magnewotail. The conveniemt unal for
measuring distance (m the magnetosphere i an Eanth radis (1 Ry = 6367 km).  Under
typical conditions the subwolar magnelopsuse i ot =10 Ry When condstions boooms:
distirhed the solar wind's dynamis pressire can escoed 10 nPa and the magnetopause is
puistied canbwand of geustabionary orti (~6.6 Rel.

|
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plusinan, paicles, and fiekls. The Sun is the ultimeie sowce of most space westher
effects.  Meteornes, galactic coumsce rays, and ropospheric ebectric fields are motabie
encepions. However, the inemal or coupled electrodynamics of the magnatosphers and
onphere gencrully wpresent the unmediole cases of space westher effects The
syuems affected by space envimnmental changes are mamy, ranging (rom orbiting
watollites o commumications ks snd clecencal power destribution nerworks

Before conmdening sctusl space weather messusements it is useful o ecognie
that space physscists sk 0 e of 4 mull-dmensional world.  In sdditin 10 the
mormal three dimensions of ouwr every day lives, they sl comsider the energies o
smisabion sales as sdded dimemsons chamcienung particke environments fsand in

wapace. For example. the “plasmasphere” und the “raduion belts” occupy slmost the
same region of phymical space. However, plasmasphensc partiches have thermal energies
ol a few checuon
cloctron volis (MeV
differem paricles of the same enevpies, meubial and wmized stoms and molecules,
respectively, which ae found in the sme regeon ol space ot allitudes above 60 km. Most
wames gven o describe the differen regions of wpace are phenomenological and were
their discoverers. The term “radiation bedis” probably reflects the shocked
ong of Professor James Van Alken's gradume students 1o the fira Geiger
T memsuremments an Exphorer |, Spae is rudiosct e’

coumbe:

11 Space Weather Characteristios

In cousidenng space westher effects it is useful 1o have some ides of the
dillerences between |ypical amd disturbed comditsms (Table |0 The driver fur meost
gevspace westhier bies a1 the solar wisd that ongnases 1n the Suss corna und lermsnates
@ ihe boundary with istersieller space. AL | astronomscal wnit (AL), the distance
e Sun and Easth i~ 1.3 10" km), iypical soldar wind densities and spoods are
imately § o and 400 ks, respectively  Under dasturbed conditions they can
0 cm” and 1000 ks, respoctively,  The dynamic pressure of the
wolar wimd (=1 numo-Pascal inPa)) compresses the Eanh's magnetic field on the dayside
and eviends it im0 & long cylinder calied the magnototail. The convemient umil for
mg distance in the magnetosphere 1 an Earth radius (| Ry = 6387 km).  Undes
Iypical condibans ihe swisolar magnetipiause s @ - 10 Ry When condiions becoms
Gt the silar wiods dymansic pessure can cuceed 10 nPa and the magnetopause s
pustiod earhwand of goosaismary orbst (=0.6 Ryl

measur

| absle
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by & white light coronagraph on the Solar snd Heliospheric Saielliie (SOHO) which
arhits the (i Lagrangian paim, about vec million miles i front of the Earth. Figure 4u
phots the range of SEP spectra ohserved in the solur wind, snd Figure 4b demonstruies

* effects on the scuve semsor arrsy on SOHO. Rundom light speckles sre excited o
tumnsig ahead of 3 CME pass through clements of the charge coupled device
wagraph. Fonunately, this type of upset is wmporary. A visible
lnginl imsger on the Podar saledlite scquired the picture of the surorsl oval in Figure 4c. 1t
shows that dunng the grest magnetc sorm of Bastilie Day, July 14, 2000, surorsl optical
s, caused By e Impect of energenic clecioms on the upper simasphere, were
detocted i the southern pan of the United States.
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Figore 1. Hydrogen ulphs bauge of the Sun wken on Febraary 1,
2003wl Learmonih, Austrabis, aloig with thne scabes anid goospace
bl of fvres typees of solar sctivity that alfect space weather.
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A weak imierplanciary mugneiic field (IMF) is camed by the solar wind mnd
cavrty grest influense on geuspace weather. Typical values of the IMF are in the 5 10 10
napoteals (0T) range: s can grow > 40 0T dunng disurbed umes. The IMF interacts
efficiently with the Essis magnetic field through a process called magnetic merging
wihven thet s & southward component. I the vicinity of the Eanh there are thive
1 rmagnetic Wopokogies. iserplanetary field lines wih both “feet™ in the solar wind,
o magnetic fieid lines with both “foct” an Earth, and open feld limes with one “Toot™
th. The region of open field lines is called the
lar wind have farly casy scoess 1 the ionosphere
& polur cap latinsdes. The winid and IMF impose @ potentiol scross the polar cap
ihat renges from o lew tems of kilovodis (V) duning magnetic quist times o > 200 KV
during large map s, Asscacaied electng fichds dnve curments i the magneso-
prosduce observable magnenc p on the ground.
measures of geomagnetic activity ane the three-hour Kp indes af
te effects, the one-munuls sveraged sunwal electroget LAE) index, and the one-
god Desturbance Storm Time (Dst) imdes (Tabsle 2). Kp reflects the intensity of
sagnetc desturbances measured ot usd : it vanes fram < 3 during quist /
- s & migasuse of curvents flowisg in
T daring quiet times and > 300
Wl during disturbances. The Dt inden is a glubally averaged measure of (he somiime
sity. Uuesig Large magnetic worms the wesiwand nng current produces
Iatrtude magnetic statsoms. On February |, 2000 sound
ry shordy before 1400 GMT, goomagnetic indices were low
» b wnd Dt measared berween +30 and +34

TR T
e erisdic N agpical Abistuaril
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> Sl < - 1Ml
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13 Selar Effects

Figure | shows o hydmogen alphs image of the Sun taken on February |, 2000 &
Learmsomth, Awstrudia., from the Nationsl Ocesmic amd Atmosphernic  Administration
INOAA) Space Enviomment Cemter's Solar Image Amchive. It indscutes that the
chiomosphere was relatively quicscen. Al noted are the time scales and geospace
locations. of three types oOf solur sctivity that impact space westher, cornal mass
excisons, encrgetic particles, and flares. For fisture reference we note that CMEs have
broad effects dhroughow prospace.  However, the most significunt effects of solar
emergetic pastiches | SEPy ) are confined o magnetic labitusies of the polar cap.

Figure 3 illustrutes. the significant differences berween simublancous views of &
quict photosphiers i le light and & lurbuslent coroma seen @ extreme ulirs vioket
(EUV) wavelengihs. Figure 3 shaws i early stuge development of & CME as observed
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Frgare L Simulianesus views ol o quiel phtlosphere in visible light
el trlsslenl consia seen at ELY wavelesgibs,

Figure 3. Early stuge development of o CME s sbserved by a white
light posramagrgsh on fse SCHI satellise.
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Figure 4. Pt (a) shows Ui range of SEP spectra stserved in the
sailar wind, (b SEP effects an the sctive sensir y i SUHU, and
1) visibbe-lght insage of the wurorsl oval from ihe Palar sitellite.

Figure § dhows the muost extreme compresasivnal effe

by the Combaned Release an
magnetic s of March
go ut an altitude ¢

4 OME ever abserved in
Hadistion Effects Saellsie
1991 CRRES flew in o

e b 1 et BCTEaLE

¥ pasticles were tappod
A sudden increase in
This was the first sign of
passcd thaough the imner radiation beil, behind
sl the spatially eviombed new radiation bell. The metal mpection was
gy b nemr M0 MeV . During the sulbuound pass the encrgies of
s filled the 10 10 70 MeV mnge These prutoms were observed
oul soven manths (Figure 51 uniil the spacecruft's batiery falied.
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Figare 5, CREES data from March
dw radiabbun belt,

24, 1991 show e furmation of &

Muodeling studies saygest thal the protoms first observed near 7 Ry wene initially
trpped i ghere.  They were them acoeleruted by an intenss,
canthm ard-f wesssunal magneichydrudynamss wave exciled after 8 CME
i The wave alsa ruedd and i energenc
nes radution belt. W must cogphasiae tha ths was & singular event
e of the cumpressional magnetic wave thal reached the groand st
Boulder, Colormdo, was 184 nT. During mosi storms the ground perturbation dise 10 the

weasion of the 7 wa few e of nanaTesls
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obyective was 10 determing the  survivability
ponenits im natural space-radiation environments. Curment national
il the shedl components whemever pusable.  Withoul
wments i which the microelectronic
crease the vainerabibity of
redisce this vulnersbilisy
musiber of ways, including the Asr Force Research Laboratory”s (AFRL's) Compact
virommental Anomalies Senwor Experiment (CEASE). CEASE provides resl time
sl rudistion dose o wamn of polential space hazands and facilivie

CTF091-1765

ich as single event upsets and docp dickectric charging.  Other
sl predctsm and moniig of space envinsmnent hatads s
sl ways 10 socelerasse the loss of trapped particles from the radistion
mmarises the main radabon hagards W which space sysienms s
caliod 3 wnghe upset, occurs when MeV protons pass through

panciis leaving abs of onization and carents that
umands of sllered memory stades.  Long exposure 1o doses of
s dhe griides aand destroys the funcuionalily of lectronsc devices.

T

s

o prokomged dor electons with
e far enough mau dielectrics ihat
space charge builkds up within the
ve fomes can ewceed the cohesive siremgih of the maserial
 lowad the wire und sppears s a cutrond barst. The time
:ukn swuggests thal dickocines pass through o long period of slow
before doep dickesine evenin becume cominon.  Bocause the Columbia
§ Wles, we give special comidersiion 10 the
lectne charging below

od Tulures of imsulat
utthe o docp o
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stimstc of the drift of
radio wav
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o provide

b tusoral (Figuses 7 and ) consider a phenomenan
wospheric radio communications
phcre, plusirs below - M0 km quickly recombines leaving the F
s fenile ground fo
natability where a light Muie supports  heavy
wnderchanges with fow -denaity bubibics. thal
" RL's Scntillation

7 Add (SCINDA) network (Figure 7) is o ground-based sensor network
SCINDA recervens use spaced anlcnna
ounphenc imegulanties
have been modeled extensively
They have also been
rshed airglow at
Figure & from ihe Global Ultravialet
w Thermuosphicre. lonosphcre. Mesosphere Energetics snd
TIMED) saehite. Equatorial plasma bubbles e an evening secior

The

M have been resg
dring Columbia's reentry

[egrr—

Figure 7.
desigied W debedt lommpheris sontillations.
spaicvd aalrsa measurensenls o proide an estimate of the drift of
rasasgleric irregularities.

AFRL SCINDA wetwork of NM <Dasedd sensors s
MDA reveivers
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Figure 8. Esuatorial jslasisa isbbies sbsorved by the GUVT visibile
sl ultrus bl sensors oo the TINIED silellibe,

Al Space Weailher Cinblibns oo February 1, 2008

The final breskup of Columbila eccarmed shonly afier 1900 UT on February |,
203 To endersiand provailing spece westher conditions snd their possible effects om
the Culumbu wxident we have etdmened messurements from many suteilite snd ground
obsers stanes during ihe emlny pord

There wre several dafferent ways W present geophyscal measunements made on
the duy of the Columbis scoudent  Interplunciary observations from the Advanced
Composition Explorer (ACE) sstellite st the stage for all that follows. Somewhat
arbitrunly we have chosen s group the remasning messurements from (1) polar-ormting
satellies ol the Dietonse Metponbogical Saciine Program (DMSP) ond the NOAA Polur
Uperamonal Envoonmental Ssiellite \POES) program in kw Easth arbit (LEO), (2) Lis
Alamos  Nationsl  Laborsory  (LANL) swd NOAA  Ceostationsry  Operations]
Emvironmental Sateliies (GOES) i go wrtil, unsd 1) grounsd

Al Iterplanetary Mgsurements from ACE

The finsl aleliite o olserve inigTplenctary dislurbances spproaching Earth is the
AUE ik (s w2 huko oriwd anousd ihe fust Lagrangian poent about one millson miles
upstresm of the Esnh in the solar wind. Typecally it takes the betier pan of an bour for

n
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the solar wind/IMF cbserved by ACE 10 reach the Esrth. The traces in ﬁﬂnﬂuﬁm
Munes ol energetic protons passing ACE plotied s o fusction of UT on February 1.
el thawe phots ndicate that conditons were steady uatil 1800 UT when the llunn
of prowns with energies between 0.1 snd 2 MeV rose sharply. The increased fux
e - 4 howrs aiter the scondent and therefore had no impoct upon it Figue 9
s the wolal wind demaiy (ap phot), the IMF magnaiode (second phot), and Z (morth
W tesstowest ) and X (San.Earth ) components of the IMF (middle w bottom plots).
wind density was steady snd unusually low (< | om ") throughout the penod of
1300 UT the IMF magnsiude increased from 9 w0 12 0T snd the solar wind
o rose (rom 4K 1o 500 ks (oot shown). The meddie plot indicates that until
1730 UT ihe 2 component of the IMF was nanhward.  The observed interplanctary
tanges should nol have iseacicd seongly with the Esth's magnetic ficld  This
cungeciue i borie uul by salelise and gpoend measrements presented below

i
The s
intereat. AL

AL 134 U on Fetwuary | 2000 the stall on duty ot Space Wieather Operations in
Boulder, Colorado, isued & warving for & Sudden Inapulse, 3 charscteristic sep-wise
g i the honeonsl promagneis Deld component on the daysude  This waming was
sl i bservalions of ihe solar wind speed increase of - 259, soen by o plasmu sensor
an ACE at 1308 L This incresse in spoed was sccompanicd by 2 smal| mcrease in the
magretic lichd, bal mo comesponding incresse m sodar wind density (Figure 91 Typocal
abocks iow simiblanooss jusps in spoed. demsity, and magnetic field  As dme passed
and no subseguenl shock or impulse was observed 0 dila scquircd nearer o the Earth.
dhis waarming came o be regandod an & false alarm

Al LEO Mewsurenwats from DMVSP

Figures 10 - 12 messurements from ibree DMSP satellines FL3, FI4, and
FI5  DMSP sateliites (y i cooular polar orsis ol s shitede of - 540 km. Al
i linsion of 980 thew orbital plunes resnmn ul fived bocal tiame (LT) with respect 1o the
wan. The orbit of DMSP FIY is nest the dawn-dusk werminasor.  The orbital planes of
DMSP F 14 ol F1 3 are near the 09:00 - 2100 LT meridian

Dhats from the throe DMSP sacilies are photied a8 functions of UT. magnetc
Istitisde. anel magnets hscal ime (Figures 10-12)0 The 1op two plots of cach figume show
the Hanes ol clectruns snd jons wilh energies belween 30 eV and 30 keV in an energy-
versi-ime codor spectrogram formal The thind plot gives the density of ssnospheric
plawms ot the spocecrafl altinade.  The vertical (groen) und horizontal IIIIFI*J
commpunents ol o Sl acnass the saellite ragoctony are prescnted in the fourth plot. The
hongoetsl doil compunens is directly proporonad W the ehoctne field component along
e spacocrall lmpectiary.  legn af this ehectr field abong the trajectony
gves the ciuss polsr cap potential.  The botiom plol gives the three components af
magnetc pematations due o field-aligned curremts that clecinically couple the

aphici il phere. The of the Esrth's magnetic feld shaws in

sm'n s m.nl- comelated wilh horzomal drifi messurements. Dot meters and

.n..;nﬂ.mgu—l\- wn DMSP satclliies serve o volimeters and ammeiers 10 Moo
of the global phere circun,
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The gap i DMSP FI4 measurements between 1342 and 13:46 UT occurred in
the evening secior of the polar cap and probebly reflects un cutage thal occurred while
duts were hevng iransmaied o grownd.  Electron and jon dats from ol DMSP spocecraft
imdicate moderste 10 bow susoral sctivity dunng the tme of Columbia’s reemtry.  This is
espevially tnse 1n the dawn LT secwon. Dnft meter and magnetometer measuresents are
aled commtent with wesh 10 moderase in-sqieu coupling. In particubar
wr ke that nesther plasma velocibes mor ons dae 10 fiekd-abigned
(Birkeland) cuments messurcd by the throe DMhF sutelisies showed any sign of an
clectromagnetic  pulse  indicaling  thal  ihe anderwent & sudden
compression nest the 1w of Cobumbie's reentry. Duts from ground magneiometers alsa
abw 10 sigih Of 3 IMAENEUC CUMNESSAN EVEnL

F Fi) = 01=Feb=2003

s HERED AN YRR
Figure 10, DMSF F LS mensurements for February 1, 2003, plotiod o
Tt thoms of LT, maguetic bititude, snd magnetic local tinse. The top
e prots show Muses of eboctrons nd bons Trom 30 ¢V o M kel in an

walar

irajestary are prosented in e fourth et The bl pht gves the
e st wl magwetic due o Teld-aligned
wurrents that comple L
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Figure 11, DMSP FI4 measurements fur February 1, 2003 in the

saame furmal as shown in Figure 10,
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Figure 1L DVSF FIS measurements for February 1, 2003 in
wiane Tarmal ws shiows in Figure 10,
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Figure 13 DNSE iidisighi bowmsbary lndes for February 1, 2003,
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. es the auoral election buundaries observed by the DMSP satellites
and projects them b the mideight mendian, The Air Fore Weather Agency (AFWA)
the latitue of sunwul bowndenes ot midnaght a5 e operaional ol 1o specify
ulues of the Kp index. Boundary locations between 12400 and 14:00 UT
nagnetically quiel condiions.  Kp entered the disturbed runge Laie on Febraary
Heath then and o the lollawing day gnctic conditions mever

cither March M4, 1991, when CRRES observed the birth of a
bt stilhe Diay July 14, 2000, whet auraral cmissians appeared in e
i wanithern part of the United States

use

(T
the major storm datis

i

i3

LEU Measurements fram FOES

NOAA POES 13, 16, and 17 saielisies aiso fly in win-synchronous circular polar
- 1400 LT meridien. These smellies carry paricle detecton
nge Trom s few busdeed ¢V o -1 MeV. Standard estinates of the
sergy (el b the high-latitsds weosphere due 1o precipeiating particle Muses, as
measared by the NOANA ssiclisies, were in the low w moderule runge near the time of
Columiva's meemtry. Allbough POES meassrements were made ! local imes differemt
from thase of DMSP, e observations were wmilar, shiwing mo indication of o
geomagnetic disturbance disring the period of interest

5. but nesr iy

§ the cnergy

Frgures 14 and 13 show the trapectones of the NOAA POES 16 saellie for the
trupeatunies s marked im color 10 mdicate the relutive
rgies between 250 snd BUO ke'V snd of electrons with encrgpes
The scades compare fuses measired on February | with the median
perved @ Shal kocation during the eniire previous year. The duts show “no
gher than nommal” | yelkow ) occurrences of enerpetic (huags in the regm uver snd o the
e and Argenting, caliod the South Atlanie Anonsaly (SAAL Within the SAA
sagnetic fichi is weaker than averspe and slbows radiston bell protons and
10 penetruis mose dosply thas nommal ise the upper slmosphere.  The 39°
the SAA for & small portion of

lunes of protons
- 0 ke

exposes] W enengetic parts
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ity etmerghes bt ween 250 and
800 ke from the NOAA POES 16 satelbive.

Figure 15, Helative Muves of elecirons with energles > 30 keV Trom
e NOAA POES 1 sinellite.
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34 Charglng Effects

The Columibna accident involved & senous breach of one or more heat tiles om the
lesding edge of the ortuier's lefl wimg W must (hen ask il there is any known space
weafes eifect tha could possibly have caused wich a beeach. In principle, the answer
appears W be “yes.” I Ehe tiies were subject 10 prolonged exposure W miense flaues of
ehoctrons wilh encrgees > 100 ke V., space charge could busld up wishin the non-conducting
mutenahs Flectrons with lower energses would be stopped i e surface layer of the tiles
anndl wonild o warface charpng. Elecirons with energies >> | MV would smply pass
heough (e (des.  In nesther the low nor extremely high energy cases would damage
ocour. Dnng the Tethorsd Satellise System misson in 1996, Columbis charged 0
weounsd @ kilovoll with respest W the local plasina but suffered no il effects

A idicuted o ow discussson of deep diclectnic charging | Figure ), if sufficient
space charge buibds up within an imsalating materisl, Cowlomb repulsion fores
cvonbually wvorsbelm material boads B bieakdown ocours, @ sirge of plasms magrates
her b ihe nearest motul of W the ouler serface. I the firs cae, the discharge
wonled Ml s the shuttle’s metal frame, w whech all ather circuits ase prounded.
Sudden changes o the groumsd polesial induce cement surges 0 all orbeter circuits
smabancosdy thal would be wentifiable in the mission elemetry stream. In the socond
cane. negalive e charge trapped within the dickocins would strsct positive sons from
ihe nsphienic plasma to e outer surfaces of the non-conducting tiles. A nassive
descharge 10 the ouler surface could cause o beeach in 3 cnbcal surface that would widen
o fnctiongd imbersciaons with the smosphery incressed dunng reentry.  Such um evenl
woukd i cunily b sdemilifiabic 1n the ilemetry data stream

s

s it likely thal Coluimba was eaposed b 8 significant level al deep diskectnic
charging dunng the course of (e massion of that 2 breach fommed in & tile surface™ The
i bt questions is negative.  The orbital nclination of - 39" genemlly kept
Colimbes o from ugnificam expasers 10 adision in the “horms of the rdistion belis™
and wsroryl oval end fromn SEPs in ihe polar cup. The only exception losted & few
s cach day s iis orbutal trapectony caied Columbia through part of the SAA. The
SAA comters near M7 5, 60" W, To specify Columbia's exposne we have examined
Thunes of electons wilh encrgies > 100 keV ahwerved by the NOAA POES 15, 16, and 17
sascliies o iwo onhwgonal ook dacction while ciossng ihe SAA (Figure 15) between
Banisary 10 and Febraary |, 2003, As o worsd case socnano, we avssmed that Columbia
s OO0 spoonds cach day withan the SAA and thal every > 100 keV electron thas siruck.
& tile became embedded within it and no charge esaped. The extimuted dose was ~1.22
it Coutomba'm’.  Assuming » diclecwic cocflicient of 3, Gauss's low predicts o
nanimum ehecinic field of = 10° Vim. This actor of 3 bekow breakdown elesiric
el for st s roughly an onler of magnitude below beeakdown for most inslsting
solids. Finally, o cursory glance s Figure |3 indicates that in 3 3 inclination artw,
Columibay  ab more c1pascd 0 SAA mdintion than orbiters i s wandd 28 5" inclined
el Husever, Codumiis was much bess evposesd than orbiters on exiended messions o
service e Imernalsonal Space Sution
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Figure b, Fluves of protons with eergies between S0 gl 400 keV
Wty el eloctron Muses asared b e 50 0o 315 eV range (right)
Tram LANL stellies.

A vanay of space envirsnmental micasured by CGOES salellites appear
i the neat Tour figares. Figure |7 depicts the fus of clectmms > 600 keV and > 2 MeV.
s meusared by iwo GOES smelliies for the days Junuary 31 theough February 2. 2003
Vi ondy mseworihy charsienisiic s hat the Muves were somewha chevated for the
thive-day period  Figure 18 shows fuses of protons with energies > 10, 50, and 100
MeV for the same diree days s ieassed by GUES § Kcated neas 75 W, The energetic
proson (luses show o enbancements @ magnitude and aiesi W0 the presence of

hemugn conslitns ot

Sodur Mares ure mondored by their Xomy outputs.  Both sthe GOES § and 10
satelliies. carry semsors 1o measure X-cay (luses n the 005 - 04 am and 0.1 - 0.8 nm
wivelengih bands.  Bevween Junuary 31 and February 1 2000 (Figure 19), occasional
wolar X-ray flares occurmed. Twa X-my spikes were observed on February 1. However.
there i me hiown sssociation between the accurrence of X-ray photoms near Earth asd
lasers disturbances that would have s significant impact on the prodewn ionosphere ol
neeutry aititudes of Columbia.
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Sibica fibers comstitute moie than 9% of the shullle ties.  Imbvidual fiben are
1.2 mm long, between 1.2 and 4 macrons in disimeter, and are simtered logether. The net
denuity is 0,145 gioc amd the dicheciric constunt is |13, A bomsilicate ghess caver
between 023 and 038 mm thick surrounds the tle fibers. In snticipation of polar-
artwiing shustle missions, smphe tles wene inadiated by coergetsc clectruns beam at
AFRL o levels of - 10° Coulonibum’. This is smilar to the estimated dose spplied to
Culumbia i the SAA In ihe experiments the tliles were observed 1o hold charges for
days i the vacuum chamber.  Noo-destnactive. prebreakdown pulses were observed
whenever the induced electric field exceeded 107 Vim. Full breskdown of tile mmenal
mever oocumed. A full description of the experiments and their results appears in
Thargingidischargng of space shustle dle maerial umsder imadistion”, by A, R
Fredencison und A. L Chesley, [EEE Trane. Nucl. Sci, M, 4296-4301, 1983.

AE Gswstativnary Urbit Messurements

W moal (um ol abienton o observations of enerpelic panicles messund by
sonsors on five LANL and two GOES sssellites thal orbit the Barth =
aliide  The left side of Figure 16 shaws fluaes of projons with energses etwoen 50 and
i keV. Eloctron fluses measared in the 30 1 315 keV range sre shown in the right
plot. The yellow and blue vertical lines crossing each spectrogram mdicale when &
paricul satellite crossed the midnight and noon mendians, respectively, Except flor
small flus mereuses sbecrved in the lowest (50 keV) channals near 14:00 UT, the
emvipunments sampled by all LANL waellites were very sieady in the hours leading up o
Columbna's reemiry. Simslenbes between proton and elecinm spectrs detocted by widely
sped LANL sstoiivies indcute thal 1o goostsionary environmenl was uniform.
Consistent with ACE. LEQ, and ground messuremnents, mast of (he geomagnetic sctivity
encountered by the LANL satelbites occunmed afier 0000 LT
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Figure 17, Flus of electrmms > 600 keV and > 2 MeV as measured by
vwm LGS sabellites for Jamisary M through February 1, 2008
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Figure 18, Fluses of profoss with energies greater than 18, 50, sl

1 eV Tor Jumary 31 thrvugh February 1 2003, as psssured by
GANES B located near 757 W,
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Figure 20 18 & composite of four deta sets thal from top o bottom show: GOES
proson flases (Figure 15), GOES elecion Muxes (Figure 17), the Hyp (nearly north-south)
component of the Eanh’s figkl measured by GOES. and the Kp ground indes describedd
previsusly.  This stack plot s useful for compuring various duts scquired o the same
time.  Focusing on the fird 15 houn of February |, we see thal regular and quiet
Conlithoms afc iscated in all FUr MEsUFEMEn.

b b uselul to remum 1o the global distribution of energeis (> 300 keV) electron
Tunes observesd by NOAA POES 16 0s shown in Figare 14 which illusirates the relative
Muses of these paticles. The faci tha sbove-sverage Muxes were deteciod ol high
labiaudes Jmm‘ virumlly all passes is comsistent with the presence of relatively high
Thanes of > } MeV clecomms sbeerved by UUES at peostationary artwt (Fugure 17). The
loctprist of the SAA is cloarly wen.  Elevated electron Muses wene mostly confined 1o
latitudes Mgl than those scoessabile 1o Columbia’s low inchination

GUES Xray Flux (5 minute dats)
1

Begins 7003 san 31 0000 WFT
[}

Figure 19, Messurensents of Xoray Duves in the 0.05 - 04 am sl
< 05 s waselength b (rom GUOES 8 wod 10 sabellites for Jamsry
M through February 1. 2003,
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Figure 20, Conposite of four dita seis that Grom e 1o bottom show:
GOES prodon Muses, GOES clectron fuses, the Hp inearly norik-
sty eusmpement of e Earth’s Gekd nwasured by GOES, s the Kp
o bndes deserilsed previsusly fur Junuary 31 - 2 Felbruary 2003,

A6 Groand Based Measuremsnts

Ohar selsic-based estimale of low gecnisgnetic sctivity s confirmed by values of
ine AE and Dt indsces messuned on February |, 2000 (Figure 21). During the time of
Columbia's memiry, AE and st hed values of <100 0T and +M oT. respectively.
Significant auonl eheciropet sctivity eily began ness J0:00 UT. aboul sis hours afier the
sccident. Steady postlive values of Del indicste that the ring curmem was insctive. The
ring current is mostly carmed by hons with energies > 10 ke that dnift (o the westwand im
ihe negulive i, i the Earth's magnetic fiekd

distribwtedd over the suriace of the Earth monior the behavior of
feld These messurements reflect effects of elecinical currems
Tawing in the ionosphere ot sitilades near 120 km,  Figures 12 and 23 are veconds of
magneuc Tickd messuremenis from Kinma, Sweden, and Oakona, Aleska, respeciively
Boeh of shese imsiruments detected moemally quast conditions usiil w on February |,
when the effe -
abso enamined the record scquasted 3t the Huane: exastin
tnat shown). I s CME-driven shock impscied the duyside magneiopsuse near 14:00 UT.
u b ncrease i the nohesouth component of the magnetic fiokl wosld have been

- ]
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detected ot Huancayo  Imstewd. megsarements on February |, 2003 only show the duamal
magnctic vanations charscienstic of the soler-quict cummenl sysiem i the wenosphere.

Fignere 21, AE il Dt mavasurements for Feliruary 1, 2003,

Fingdly, W determime whether miense Muses of SEFs had somehow passed
ndstecied Uieough pooslsionsry and luw Eah orbits, we caamined Munes messered at
groisnd-bused neuliun momdons i Moscow and Apatity, Russia, Oule, Finlend, snd
Lommicky Stil, Skovakis These sations were in the aflemoon LT secon while
Columing was recniening the Barth's atmosphere. On February |, 2003 these muomitons
detected only dismal vanations the appess 1o be similar i form and inlensity 1o thow
recorded on other days of the mowth. We conslisde tha usususlly lerge SEP fuves did
o0t it e pper abimosphers sear the time of the Columia's reentry
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oW oW u_f W W oW W e
Flgare 1L Magnetic Teld mwasurements from Kiruaa, Sweden for
Febiruary |, 2003,

| —— |
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Figuro 23, Magnetic Field memsurements rom Gubons, Alasks for
Felruary 1, 2003,

A Summary sod Conclusions

We have examined 8 wide vanely of spaor reluled parsmeten measared by
sl and ground based semsons on February |, 2003, All indscations poimt o the fact
that Colunbis’s reeniry occurred dunng s period of low gromagnetic activity. B
difficull o imagine 8 more benign space weather environment for Columbia o sart ity
roentry. Signa of moderae sctivity were nol observed bl late in the day, $is OF More
hors. ufter the socident. Wiere it not for the fact that the sccident happened on Febraary
I, 2003, 18 v unkikely that space-weather invesiugatues wosld have given the day more
Ehuiss CuThary inspection
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